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ARTICLE INFO ABSTRACT

Keywords: Background: The intricate regulatory relationship between mitochondrial dysfunction, apoptosis,
Bi"i“f"“_“aﬁcs_ ﬂ‘_lab’SiS and immune cells remains largely elusive following traumatic brain injury (TBI).

Traumatic brain injury Methods: The GSE45997 dataset from the Gene Expression Omnibus database and utilized GEO2R
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to screen for differentially expressed genes (DEGs). Functional enrichment analyses were per-
formed. Mitochondrial gene data from the MitoCarta3.0 database were combined with the DEGs
to identify mitochondria-related DEGs (MitoDEGs). The hub MitoDEGs related to apoptosis were
further screened. Animal models of TBI were established to investigate the mechanisms under-
lying mitochondrial dysfunction regulation of apoptosis. Furthermore, we explored the rela-
tionship between MitoDEGs/hub MitoDEGs and immune cells using the Spearman correlation
method.

Results: Fifty-seven MitoDEGs were significantly enriched in pathways related to fatty acid
degradation and metabolism. We identified three upregulated hub MitoDEGs, namely Dnm1l,
Mcll and Casp3, were associated with apoptosis. In the animal experiments, we observed sig-
nificant expression levels of microtubule-associated protein 1 light chain 3 beta (LC3B) sur-
rounding the injury site. Most LC3B-expressing cells exhibited positive staining for Beclin 1 and
colocalization analysis revealed the simultaneous presence of Beclin 1 and caspase-3. The
Western blot analysis further unveiled a significant upregulation of cleaved caspase-3 levels and
LC3B II/LC3B I ratio after TBI. Moreover, the quantity of myeloid cell leukaemia-1 immunore-
active cells was notably higher than that in the control group. Spearman correlation analysis
demonstrated strong associations between plasma cells, marginal zone B cells, native CD4 T cells,
monocytes, and MitoDEGs/hub MitoDEGs.

Conclusions: This study sheds light on enhanced fatty acid metabolism following mitochondrial
dysfunction and its potential association with apoptosis and immune cell activation, thereby
providing new mechanistic insights into the acute phase of TBIL.

1. Introduction

Traumatic brain injury (TBI) is the leading cause of death and disability, particularly among young individuals worldwide. In
China, the prevalence of TBI surpasses that of most other nations, with an approximate population-based mortality rate of 13 cases per
100,000 people [1]. Furthermore, TBI survivors often encounter varying degrees of dysfunction, necessitating long-term medical care
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and rehabilitation, which places a substantial burden on both society and affected families. However, the underlying mechanisms
driving TBI pathogenesis remain enigmatic, while effective treatment strategies remain elusive. In this context, it is imperative to
enhance our understanding of TBI pathogenesis and explore potential therapeutic targets.

The brain, known for its elevated energy demands, is particularly vulnerable to mitochondrial dysfunction. Mitochondrial
dysfunction, including calcium homeostasis imbalances, oxidative stress, disturbed energy metabolism, and mitophagy, has been
identified in a variety of brain states and pathologies, including TBI. Apoptosis, a programmed cell death process predominantly
executed through caspase 3 activation, is a major contributor to impaired neurological function in TBI patients. Notably, Feng et al.
demonstrated a substantial reduction in apoptosis and infarct size through the inhibition of mitophagy in cerebral ischaemia-
reperfusion injury [2]. Mitophagy initialization involves the activation of the evolutionarily conserved PTEN-induced putative kinase
1 (PINK1)/Parkin signalling pathway, which leads to enhanced phospho-ubiquitin conjugation on the outer mitochondrial membrane,
facilitating the recruitment of microtubule-associated protein 1 light chain 3 (LC3) [3]. Additionally, Beclin 1, a crucial regulator, plays
an important role in the initiation, autophagosome fusion, and proteolytic degradation of mitophagy [4]. It also plays a pivotal role in
modulating the crosstalk between mitophagy and apoptosis by interacting with B-cell lymphoma (Bcl)-2 family proteins [5,6]. While
recent studies indicate increased mitophagy following TBI [7,8], the precise role of mitophagy in TBI pathogenesis and neurological
prognosis remains elusive.

Moreover, neuroinflammatory responses play an essential role in the early development of TBI, which appears to be driven pri-
marily by overactivation of innate immune responses. The complement system has been identified as an important effector arm of the
innate immune system that mediates excessive inflammatory responses after severe craniocerebral injury, leading to the breakdown of
the blood -brain barrier, the development of brain oedema, and delayed induced cell death of neurons [9]. In animal models of midline
fluid impaction, the levels of typical proinflammatory cytokines [such as interleukin (IL)-1f and tumour necrosis factor (TNF)-a] in the
cortex peaked at 3-9 h [10]. Clinical studies have observed elevated levels of IL-6, IL-8, IL-10, TNF-a, and chemokine CC ligand-2
(CCL2) within the initial two days following TBI [11,12]. The elevation of these cytokines signifies immune cell activation and pro-
vides evidence for the correlation between activated immune responses and brain pathology. Activated immune cells have a high
demand for energy. For example, in proinflammatory cells, such as activated monocytes and activated T and B cells, energy is produced
by increased glycolysis, while in regulatory cells, such as regulatory T cells or M2 macrophages, energy is produced by increased
mitochondrial function and beta-oxidation [13]. Therefore, mitochondria are potentially involved in the differentiation and activation
processes of immune cells.

Currently, there is a lack of bioinformatics-based investigations focusing on the mechanism of mitochondrial dysfunction following
TBI. Consequently, this study aims to bridge this knowledge gap by leveraging relevant microarray data from the Gene Expression
Omnibus (GEO) database (GSE45997) [14] and conducting animal experiments. The primary hypothesis of this study posits that
mitochondrial dysfunction plays a critical role in inducing apoptosis and contributes to the activation of immune cells during the acute
phase of TBL

2. Materials and methods
2.1. Microarray data

The TBI dataset was obtained from GEO (http://www.ncbi.nlm.nih.gov/geo). The search query involved utilizing the keyword
"traumatic brain injury" and applying subsequent screening criteria for experiment type (expression profiling by array), animal species
(Rattus norvegus), sample source (brain tissue), and modelling time. Ultimately, the dataset of interest, GSE45997, was selected for
further analysis.

GSE45997 encompasses a total of three damaged hemispherical brain tissue samples obtained 24 h after TBI, along with three
corresponding control samples.

2.2. Analysis of differentially expressed genes (DEGs)

Differential expression analysis was performed using GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/), an online analytical
tool specifically designed for gene expression analysis. The DEGs of the two groups were filtered according to adjusted P value < 0.05
and |log2 (Fold-change)|> 1.

To visualize the DEGs, a volcano plot and heatmap were generated. The volcano plot effectively represents the statistical signif-
icance of gene expression changes in relation to the fold change magnitude. The heatmap provides a visual representation of gene
expression patterns and facilitates the identification of clustering and trends within the dataset. The generation of the volcano plot and
heatmap was conducted using the bioinformatics platform (https://www.bioinformatics.com.cn/). This platform is widely recognized
for its comprehensive suite of bioinformatics tools and resources and was utilized for the purpose of creating these visualizations.

2.3. Functional enrichment analysis

Gene Set Enrichment Analysis (GSEA) was employed to investigate not only differential genes but also more subtle pathway
changes. Enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways was utilized to identify the core
pathways associated with the DEGs. Additionally, Gene Set Gene Ontology (GO) analysis was performed to assess gene functions across
three categories: biological pathway (BP), cellular component (CC), and molecular function (MF). GSEA, KEGG, and GO enrichment
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analyses were conducted using the bioinformatics platform. This platform is recognized for its comprehensive suite of bioinformatics
tools and is well suited for conducting these enrichment analyses. To determine significant enrichment, the cut-off criterion was
applied, specifying an adjusted P value < 0.05.

2.4. Analysis of mitochondria-related DEGs (MitoDEGs)

A total of 1140 mitochondrial localization genes were acquired from the mitochondrial protein database MitoCarta3.0 (http://
www.broadinstitute.org/mitocarta). These genes were then intersected with the DEGs to identify MitoDEGs. To visualize the Mito-
DEGs, a Venn diagram was generated using the online tool Venny2.1 (http://bioinformatics.psb.ugent.be/webtools/Venn/). This
diagram effectively illustrates the shared and unique genes between the two datasets, providing insights into the overlap between
mitochondrial localization genes and DEGs. Furthermore, a heatmap of the MitoDEGs was constructed using the bioinformatics
platform. This heatmap visually represents the expression patterns of the MitoDEGs and allows for the identification of clustering and
trends within the dataset.

2.5. Analysis of the protein—protein interaction (PPI) network and hub MitoDEGs

To investigate the protein—protein interaction network of the MitoDEGs, the online database STRING (https://string-db.org/) was
employed. This database is widely recognized for its comprehensive collection of protein—protein interaction information. The
resulting interactions were then visualized as a network using Cytoscape 3.8.2, a powerful software platform commonly used for
network visualization and analysis.

To identify hub MitoDEGs, two plug-ins, namely, CytoHubba and MCODE, available within Cytoscape 3.8.2, were utilized.
CytoHubba allows for the identification of highly connected genes within the network, while MCODE enables the detection of densely
connected regions with higher functional significance. For MCODE, specific filter criteria were applied, including degree cut-off = 2;
node score cut-off = 0.2; k-core = 2; and max depth = 100.

2.6. Analysis of hub MitoDEGs associated with apoptosis

The apoptosis gene set, consisting of 161 genes, was obtained from the GSEA database (https://www.gsea-msigdb.org/gsea/index.
jsp). This gene set represents a collection of genes related to apoptosis. Subsequently, these genes were intersected with the DEGs to
identify a subset referred to as apoptosis DEGs. This step aimed to identify genes involved in both apoptosis and differential expression.

To further refine the analysis, the overlapping genes between the apoptosis DEGs and hub MitoDEGs were selected. These represent
DEGs that are involved in both apoptosis and mitochondrial localization and are potentially of high biological relevance.

By employing the online tool Venny2.1, the overlapping gene populations between the apoptosis gene set and DEGs were efficiently
illustrated, thereby enhancing our understanding of the shared molecular components involved in apoptosis and DEGs. Moreover, to
visualize the overlapping genes between the selected apoptosis DEGs and hub MitoDEGs, Venn diagrams were generated using
Venny2.1. This tool facilitates the illustration of shared and unique genes between the two datasets, providing insights into the overlap
between apoptosis DEGs and MitoDEGs.

2.7. TBI model and behavioral evaluation

Twenty-four male Sprague-Dawley rats, aged 8 weeks and weighing between 250 and 300 g, were procured from the Experimental
Animal Center of Southern Medical University (license No. SCXK [Yue] 2021-0041). The rats were randomly divided into two groups:
the control group and the TBI group, with twelve rats in each group. Following established protocols described in a previous study
[15], the rat model of moderate TBI was induced using Feeney’s weight-dropping method. Prior to the procedure, the rats were
anaesthetized using pentobarbital. A circular bone piece with a diameter of 5 mm was precisely removed from the right hemisphere,
with its centre located 1.5 mm posterior and 2.5 mm lateral to bregma. Subsequently, an impact force of 20 g x 30 cm was applied to
the exposed area. In the control group, only the bone window was opened without applying any impact force. The behavior of the rats
were evaluated using the modified neurological severity score (mNSS) [16], which includes assessments of motor function, sensory
function, balance, and reflexes. This scoring system ranges from 1 to 18, with scores of 1-6 indicating mild neurological injury, scores
of 7-12 indicating moderate neurological injury, and scores of 13-18 indicating severe neurological dysfunction. Two independent
experimenters assessed the scores for each rat. Rats with mNSS scores falling within the range of 7-12 (indicating moderate injury)
were chosen for further experimentation. Ethical approval for the animal study was granted by the Ethics Committee of the Nanfang
Hospital of Guangzhou. All animal procedures were performed in strict accordance with the guidelines outlined in "The Guide for Care
and Use of Laboratory Animals".

2.8. Immunofluorescence staining

At 24 h post-TBI, following anesthesia, six rats from each group received intracardiac injections of normal saline. Subsequently, the
brain tissue was removed and fixed in 4 % paraformaldehyde. After dehydration with alcohol, paraffin sections were taken from the
injured centre area in the TBI group and the corresponding brain area in the control group. One brain section of each rat was incubated
overnight at 4 °C with anti-LC3B (rabbit, Abcam Cat# ab192890, RRID:AB_2827794), Beclin 1 (rabbit, Abcam, Cat# ab210498, RRID:
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AB_2810879), caspase-3 (rabbit, Proteintech, Cat# 19677-1-AP, RRID:AB_10733244) and myeloid cell leukaemia-1 (Mcl1) (rabbit,
Abcam, Cat# ab32087, RRID: AB_776245), followed by secondary antibodies for 3 h at room temperature. The sections were mounted
with 4',6-diamidino-2-phenylindole (DAPI) for nuclear staining to visualize and analyse the overall density of total cells. The regions of
interest were defined as the cortical area immediately surrounding the injury site. Finally, fluorescence signals were examined under a
confocal microscope.

2.9. Western blot assay

At 24 h post-TBI, six rats from each group were euthanized under anesthesia. The injured hemisphere was selected for Western blot
analysis to assess the protein levels of LC3B and caspase-3. Tissue samples were homogenized in radio-immunoprecipitation assay lysis
buffer, and the protein concentrations were determined using the bicinchoninic acid method. The proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes. Subsequently, the
membranes were treated with a 5 % skimmed milk blocking solution at 37 °C for 1 h and then incubated overnight at 4 °C with primary
antibodies against LC3B (rabbit, 1:10,000, Abcam Cat# ab192890, RRID:AB_2827794) and caspase-3 (rabbit, 1:1,000, Proteintech,
Cat# 19677-1-AP, RRID:AB_10733244). After a series of washes with Tris buffered salineTween, the membranes were incubated with
secondary antibody for 1 h at room temperature. Protein bands were visualized using a photo-chemiluminescence gel imaging system,
and ImageJ software (National Institutes of Health, USA) was utilized for quantification analysis. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was used as an internal reference to calculate the relative expression of each antibody.

2.10. Analysis of the relationship between MitoDEGs/hub MitoDEGs and immune cells

The gene expression matrix was input into ImmuCellAl (http://bioinfo.life.hust.edu.cn/web/ImmuCellAl), which allowed us to
estimate the infiltration abundance of 36 distinct immune cell types within each sample. To further investigate the potential re-
lationships between MitoDEGs or hub MitoDEGs and immune cells, Spearman correlation analysis was performed. This statistical
method enabled us to explore the associations between gene expression patterns and immune cell populations.

2.11. Statistical analysis
The measured data from the animal experiments are expressed as the mean + standard deviation (SD). Statistical analysis was

performed using SPSS 25.0 (IBM, Armonk, NY, USA). All data met the assumptions of normality. To assess the significance between
two groups, Student’s t-test was employed. Statistical significance was defined as a P value < 0.05.
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Fig. 1. The results of DEGs and functional enrichment analysis (A) Volcano plot of DEGs; (B) Clustered heatmap of DEGs; (C) KEGG pathway
enrichment results of DEGs; (D) GO enrichment results of DEGs; (E) 2 significant GSEA sets in hypoxia; (F) 3 significant GSEA sets in cell death; (G,
H) 10 significant GSEA sets in immunity; (I) 4 significant GSEA sets in inflammation; (J) 2 significant GSEA sets in growth factor.
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3. Results
3.1. DEGs and functional enrichment analyses

The microarray expression profile dataset GSE45997 was downloaded from the GEO database. Difference analysis showed that
compared with control samples, there were 1615 DEGs in the TBI samples, of which 1150 genes were upregulated and 465 genes were
downregulated. The volcano plot and heatmap of the DEGs are shown in Fig. 1A and B.

The most enriched KEGG pathways among the DEGs were primarily associated with inflammation and immunity. These pathways
include the MAPK signalling pathway, TNF signalling pathway, chemokine signalling pathway, and Fc gamma R-mediated phago-
cytosis, among others (Fig. 1C).

The DEGs were further categorized based on GO analysis, which revealed the most enriched BP, CC and MF. The enriched BP terms
included ion transport, neuron differentiation, cell adhesion, and wound healing, among others. The CC terms highlighted neuronal
synapse, synaptic membrane, actin cytoskeleton, and postsynaptic density, while the enriched MF terms emphasized actin binding, cell
adhesion molecule binding, integrin binding, and others (Fig. 1D).

In addition, GSEA was performed to evaluate the functional significance of the genes in the TBI samples. The analysis unveiled the
activation of several pathways associated with hypoxia, cellular death, immunity, and inflammation. These pathways include but are
not limited to the HIF-1 signalling pathway, oxidative phosphorylation, apoptosis, necroptosis, cellular senescence, natural killer cell-
mediated cytotoxicity, antigen processing and presentation, Fc gamma R-mediated phagocytosis, complement and coagulation cas-
cades, IL-17 signalling pathway, NF-kappa B signalling pathway, TNF signalling pathway, and NOD-like receptor signalling pathway
(Fig. 1E-I). Furthermore, pathways such as the VEGF signalling pathway and TGF-beta signalling pathway were also found to be
enriched (Fig. 1J), indicating their potential involvement in TBI processes.

3.2. MitoDEGs, KEGG and GO pathway analyses

Mitochondria-related genes were extracted from the MitoCarta3.0 database, and genes that overlapped with DEGs were selected as
MitoDEGs. We found 57 overlapping MitoDEGs, including 38 upregulated genes and 19 downregulated genes.
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Fig. 2. The results of MitoDEGs, KEGG and GO pathway analyses (A) Venn diagram of MitoDEGs; (B) Clustered heatmap of MitoDEGs; (C) KEGG
pathway enrichment results of MitoDEGs; (D) GO enrichment results of MitoDEGs.
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The Venn diagram (Fig. 2A) visually represents the overlap between the mitochondria-related genes and the DEGs, highlighting the
57 genes that are involved. Additionally, a heatmap (Fig. 2B) offers a graphical depiction of the expression patterns of the MitoDEGs,
enabling a comprehensive understanding of their transcriptional alterations.

To gain insights into the functional significance of the MitoDEGs, GO and KEGG enrichment analyses were performed. KEGG
analysis revealed significant enrichment of the MitoDEGs in pathways associated with peroxisomes, fatty acid degradation, and fatty
acid metabolism, among others (Fig. 2C). Furthermore, GO enrichment analysis revealed that the MitoDEGs were highly involved in
oxidative phosphorylation, fatty acid oxidation, apoptotic mitochondrial changes, and various aspects of mitochondrial function and
composition, among others (Fig. 2D).

3.3. PPI network of MitoDEGs and hub MitoDEGs

We obtained the PPI network from the STRING database, comprising 57 nodes and 46 edges. The network was visualized using
Cytoscape, as depicted in Fig. 3A, providing a comprehensive overview of the interactions among the proteins. To identify key hub
genes within the PPI network, we employed the MCC algorithm, a CytoHubba plug-in. As a result, 10 candidate hub genes were
identified, namely, Cptla, Dnmll, Acadsb, Casp3, Shmt2, Dbt, Acot2, Tars2, Mcll, and Acsl6 (Fig. 3B). Additionally, through the
implementation of the MCODE plug-in, we discovered a significant module comprising 8 nodes and 22 edges within the PPI network.
This module consists of several genes, including Ucp2, Acadsb, Cptla, Acsl6, Mcll, Fabp1, Casp3, and Dnm1l (Fig. 3C). Finally, based on
the analyses conducted, a total of 12 hub MitoDEGs were identified, including Cptla, Dnm1l, Acadsb, Casp3, Shmt2, Dbt, Acot2, Tars2,
Mcll, Acsl6, Ucp2, and Fabpl.

3.4. Hub MitoDEGs associated with apoptosis

The apoptosis gene set utilized in this study was sourced from the GSEA database, enabling the identification of 40 apoptosis DEGs
through an intersection analysis with the DEGs. Then, the overlapping genes of apoptosis DEGs and hub MitoDEGs, including Dnm1l,
Mcll, and Casp3, were selected, which were upregulated after TBI (Fig. 3D and E).

3.5. Experimental validations of hub MitoDEGs associated with apoptosis

The mNSS scores of the control group rats were 0, and the mNSS scores of the TBI group rats were between 7 and 12, indicating that
the TBI model was successfully established (Fig. 4A). In addition, there was no difference in body weight between the two groups of
rats (Fig. 4B).

The results of nuclear staining showed that the total number of cells in the surrounding tissue increased significantly (F = 1.619, t =
—12.793,dt =10, p < 0.01) (Fig. 4C and D). Moreover, the immunoreactivity of LC3B surrounding the injury site was enhanced in the
TBI group than in the control group (F = 1.979, t = —11.219, dt = 10, p < 0.01) (Fig. 4C and D). Nearly all LC3B-positive cells
coexpressed Beclin 1, indicative of the prominent contribution of Beclin 1 to TBI-induced mitophagy (Fig. 4Ei). Noteworthily, a
considerable proportion of Beclin 1-expressing cells displayed positive immunoreactivity for caspase-3, particularly when located in
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Fig. 3. The results of the PPI network of MitoDEGs and hub MitoDEGs (A) PPI network of MitoDEGs. (B) The top 10 hub genes were explored by
CytoHubba. (C) A significant key cluster of 8 genes was identified as hub genes by MCODE; (D) Venn diagram of apoptosis DEGs; (E) Venn diagram
of hub MitoDEGs associated with apoptosis.
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that upregulation of Beclin 1 partially contributes to the apoptotic process. The Western blot analysis further unveiled a significant
upregulation of cleaved caspase-3 levels and LC3B II/LC3B I ratio subsequent to TBI (cleaved caspase-3: F = 1.358, t = —11.918, dt =
10, p < 0.01; LC3B II/LC3B I ratio: F = 0.025, t = —4.888, dt = 10, p < 0.01) (Fig. 41 and J). Furthermore, Mcl1l-immunoreactive cells
exhibited a statistically significant increase in the area surrounding the injury site compared to the control animals (F = 0.401, t =
—2.389, dt = 10, p = 0.038) (Fig. 4G and H).

3.6. Relationship between MitoDEGs/hub MitoDEGs and immune cells

The relationship between MitoDEGs and immune cells is shown in Fig. 5A and B. It was found that plasma cells, marginal zone B
cells, native CD4 T cells and monocytes were positively associated with 38 upregulated MitoDEGs and negatively associated with 19
downregulated MitoDEGs. Of the 12 hub MitoDEGs, Fabpl was negatively associated with native CD4 T cells; Acot2 was positively
associated with monocytes; Dbt and Tars2 were positively associated with native CD4 T cells; Cptla was positively associated with
plasma cells; Casp3 was positively associated with marginal zone B cells; Ucp2 was positively associated with native CD4 T cells and
¢DC2 cells; and Mcl1 was negatively associated with M1 macrophages (Fig. 5C).

4. Discussion

The precise mechanism behind secondary injury following TBI remains unclear, and effective treatment strategies are currently
lacking. Therefore, there is an urgent need to enhance our understanding of TBI pathogenesis and identify potential therapeutic
targets. In this study, we utilized bioinformatics methods and animal experiments to investigate the pathogenesis of TBI. We initially
observed that genes enriched in the oxidative phosphorylation pathway were significantly downregulated in damaged hemispheres
compared to normal hemispheres. Conversely, genes enriched in the HIF-1, inflammation, and immune pathways demonstrated
significant upregulation in the damaged hemispheres. These findings highlight the dysregulation of mitochondrial function in response
to TBI and shed light on their potential role in the progression of secondary injury. Then, our study employed MitoCarta 3.0, a well-
established mitochondrial proteome database, to identify 57 MitoDEGs. These genes were notably involved in pathways associated
with fatty acid degradation and fatty acid metabolism. This suggests that mitochondrial metabolic disorders, particularly those related
to fatty acid processes, play a critical role in TBI pathogenesis. Furthermore, mitochondrial dysfunction has been implicated in both
apoptosis induction and immune cell activity. Thus, our study aims to analyse mitochondrial metabolic disorders and the regulatory
role of mitochondrial dysfunction in apoptosis and immune dysregulation.

Apoptosis is widely recognized as a pivotal pathological characteristic of TBL In our study, we identified three hub MitoDEGs,
namely, Dnm1l, Casp3, and Mcl1, that were significantly upregulated and closely associated with apoptosis. Among these proteins,
Dnm1il encodes dynamin-related protein 1 (Drpl), which plays a crucial role in mitochondrial recruitment and serves as a marker of
mitophagy fission/fragmentation, suggesting that the increase in mitophagy may be related to apoptosis. This process is subsequently
mediated by the PINK1/Parkin pathway, leading to the degradation of damaged mitochondria in most instances [17]. Impaired
mitochondrial function results in an elevation of reactive oxygen species (ROS) levels, thereby causing cumulative damage to various
cellular components, including proteins, genomes, and lipids. Theoretically, the selective elimination of dysfunctional mitochondria
presents a critical protective mechanism that maintains cellular integrity. However, excessive self-digestion and degradation of vital
intracellular components can ultimately culminate in cell death [18].

In our study, we conducted an animal experiment to provide evidence supporting the significant increase in mitophagy following
TBI, which corresponded with the findings of a study by Lou et al. [19]. This phenomenon may be associated with the augmented
accumulation of PINK1 kinase on the outer mitochondrial membranes due to decreased mitochondrial membrane potential (A¥m)

©

Fig. 5. The results of relationship between MitoDEGs/hub MitoDEGs and immune cells (A) The correlation between upregulated MitoDEGs and
immune cells; (B) The correlation between downregulated MitoDEGs and immune cells; (C) The correlation betwee hub MitoDEGs and immune
cells. Red represents a positive correlation, blue represents a negative correlation. *P < 0.05 and **P < 0.01. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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after hypoxia [20,21]. Studies have demonstrated that LC3 serves as a reliable marker for autophagosomes that represents mitophagy
activity since the amount of LC3 has significant associations with the contents of autophagic vacuoles [22]. We observed a substantial
increase in LC3B-positive cells in the vicinity of the injury site at 24 h post-TBL. Moreover, a majority of these LC3B-positive cells
exhibited upregulation of Beclin 1, indicating a potential Beclin 1-dependent induction of mitophagy in TBI. Interestingly, we
discovered that a significant portion of the Beclin 1-positive cells were also costained with caspase-3. Caspase-3 activation serves as a
pivotal cumulative marker of cell death, as it plays a role in initiating both the intrinsic and extrinsic pathways of apoptosis. The
activation of caspase-3 leads to the proteolysis of DNA repair proteins, cytoskeleton proteins, and the inhibitor of caspase-activated
DNase, resulting in morphological changes and DNA damage. Furthermore, our investigation also revealed an increase in the num-
ber of Mcll-positive cells. Mcl1, belonging to the anti-apoptotic Bcl-2 protein family, has been reported to interact with the BH3
domain in Beclin 1, consequently impeding excessive mitophagy and reducing apoptosis [23,24]. These findings suggest that Mcl1 may
serve as a promising target for suppressing mitophagy in the context of TBIL.

Following TBI, the excessive activation of N-methyl-D-aspartate receptor, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor and various gated Na+ and Ca2+ channels results in elevated cytoplasmic Ca2+ and massive influx into mitochondria [25].
This heightened calcium activity not only results in diminished energy production but also stimulates the generation of ROS and
reactive nitrogen species (RNS). Due to the presence of mitochondrial phospholipids rich in highly oxidizing polyunsaturated acyl
chains, an optimal environment for lipid peroxidation (LP) is created [25]. Moreover, free fatty acids released by mitophagy can also
boost LP. Under stress, lipid droplets accumulate near mitochondria and channel fatty acids to mitochondria [26,27]. Mitophagy wraps
peridroplet mitochondria in autophagosomes that are subsequently degraded into free fatty acids and dispersed in the cytoplasm, and
then oxidized to create lipid peroxides [28]. LP, a well-established contributor to post-TBI pathology, is a self-perpetuating process [29,
30]. The toxic aldehyde byproduct of LP, namely, 4-hydroxynonenal, progressively binds covalently to cellular and mitochondrial
proteins, further compromising their function [31]. The mitochondrial and neuroprotective effects of various antioxidants have
validated the role of LP in central nervous system secondary injury [32,33].

Furthermore, it is worth noting that mitochondria play a crucial role in regulating the differentiation and activation of immune
cells. In our study, we identified several immune cell types that exhibited close associations with MitoDEGs, including monocytes,
plasma cells, marginal zone B cells, and CD4 T cells. This implies that mitochondrial dysfunction may have implications beyond
cellular survival and extend to immune cell functions. Previous research has demonstrated that brain injury results in a substantial
increase in the absolute number of circulating monocytes [34]. The function of monocytes in response to TBI is comparable to that of
microglia. Monocyte activation can be categorized into two distinct types: classical (bactericidal) activation and replacement (repair)
activation. When monocytes are exposed to classical activators such as interferon-y and CCL2, they generate an abundance of cytotoxic
inflammatory mediators, including ROS and TNF [35]. In contrast, monocytes activated by interleukins (IL-4 and IL-13) express
repair-related genes [35]. It has been observed that following TBI, the damaged cortex experiences a rapid increase in CCL2 (formerly
known as monocyte chemoattractant protein-1, MCP-1) levels, impeding the repair of the lesion volume and negatively influencing
neurological outcomes [36]. Additionally, Chen et al. reported that monocytes invade the brain parenchyma in response to brain
trauma, exerting detrimental effects on neuronal survival and functional recovery [37]. B lymphocytes originate from progenitor cells
residing in the bone marrow and subsequently enter the circulatory system, eventually migrating to the spleen and lymph nodes, where
they form clusters. Upon encountering pathogens, B cells undergo activation and differentiate into plasma cells, which are primarily
responsible for antibody production. Meissner et al. demonstrated that an elevation of the chemokine associated with B-cell
chemotaxis, known as CCL20, occurred within 4 h after experimental brain injury (CCI) and persisted for 3 days [38]. Autoantibodies
against central nervous system (CNS) proteins were present in the serum of patients with brain injury, suggesting that B cells initiated
an immune response against brain-derived antigens after the injury [39]. Ankeny et al. proposed that activated B cells induce the
pathological sequelae of spinal cord injury (SCI) by producing autoantibodies and activating the downstream inflammatory cascade,
followed by microinjection of sera containing SCI antibodies into the intact CNS, causing hippocampal microglia/macrophage acti-
vation and prominent neuronal loss [40,41]. CD4 T cells have also been implicated in the induction of apoptosis in brain cells. They
achieve this by either secreting inflammatory cytokines such as TNF-a or by utilizing FAS-dependent mechanisms [42].

In conclusion, the results of our investigation indicate that secondary damage occurs during the acute phase of TBI through several
discernible mechanisms. First, an increase in mitophagy, a process involving the selective degradation of damaged mitochondria, has
been observed, which could potentially lead to apoptosis. Additionally, there is evidence of enhanced fatty acid oxidation. Finally, it is
noteworthy that mitochondrial dysfunction is closely associated with immune cell activation, implying an intricate interplay between
these processes in TBI-induced secondary damage.
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